The evolution of the adaptive immune system has provided vertebrates with a uniquely sophisticated immune 9 toolkit, enabling them to mount precise immune responses against a staggeringly diverse range of antigens. 10 Like other vertebrates, teleost fishes possess a complex and functional adaptive immune system; however, our 11 knowledge of the complex antigen-receptor genes underlying its functionality has been restricted to a small 12 number of experimental and agricultural species, preventing a systematic investigation of how these crucial 13 gene loci evolve. Here, we analyse the genomic structure of the immunoglobulin heavy chain (IGH) gene 14 loci in the cyprinodontiforms, a diverse and important group of teleosts present in many different habitats 15 across the world. We reconstruct the complete IGH loci of the turquoise killifish (Nothobranchius furzeri) 16 and the southern platyfish (Xiphophorus maculatus) and analyse their in vivo gene expression, revealing the 17 presence of species-specific splice isoforms of transmembrane IGHM. We further characterise the IGH constant 18 regions of ten additional cyprinodontiform species, including guppy, amazon molly, mummichog and mangrove 19 killifish. Phylogenetic analysis of these constant regions reveals multiple independent rounds of duplication and 20 deletion of the teleost-specific antibody class IGHZ in the cyprinodontiform lineage, demonstrating the extreme 21 volatility of IGH evolution. Focusing on the cyprinodontiforms as a model taxon for comparative evolutionary 22 immunology, this work provides novel genomic resources for studying adaptive immunity and sheds light on 23 the evolutionary history of the adaptive immune system. 24 29 sequence 1-3 . By combining this enormous diversity in antigen specificities with antigen-dependent clonal 30 expansion and long-term immune memory 4,5 , vertebrates can progressively improve their protection against 31 recurrent immune challenges while also coping effectively with rapidly-evolving pathogenic threats 6 , dramati-32 cally improving their ability to survive and thrive in a complex immune environment. 33 1 The immunoglobulin heavy chain (IGH) is one of the most important antigen-receptor genes in the adaptive 34 immune system, determining both the effector function and the majority of the antigen-specificity of the anti-35 bodies produced by each B-cell 7,8 . The native structure of the IGH gene locus has a profound effect on adaptive 36 immunity in a species, determining the range of gene segment choices available for the VDJ recombination pro-37 cess giving rise to novel antigen-receptor sequences 2 , the possible antibody classes (or isotypes) available, and 38 the relationship between VDJ recombination and isotype choice 9 . Understanding the structure of this locus is 39 therefore essential for understanding adaptive-immune function in any given vertebrate species, while compar-40 ing loci between species can provide important insight into the adaptive immune system's complex evolutionary 41 history 9 .
Introduction 25
The ancient evolutionary arms race between hosts and parasites has given rise to a wide variety of highly so-26 phisticated offensive and defensive adaptations in different taxa 1 . Among the most complex and effective of 27 these adaptations is the vertebrate adaptive immune system, in which developing B-and T-lymphocytes gen-28 erate a vast diversity of novel antigen-receptor sequences through dynamic recombination of their genomic CM Nothobranchius furzeri IGH 5 kb Figure 2 : IGH locus structure in Nothobranchius furzeri and Xiphophorus maculatus. a, Arrangement of VH, DH, JH and constant regions on the N. furzeri IGH locus, indicating the two subloci IGH1 and IGH2 and the detailed exon composition of the IGH1 constant regions. b, VH, DH, JH and constant regions on the X. maculatus IGH locus, indicating the detailed exon composition of each constant region. c, Synteny dot plot of sequential best matches between N. furzeri IGH1 and IGH2 sequences, with gene-segment regions in each sublocus indicated by coloured rectangles along each axis. d, Boxplots of percentage amino-acid sequence identity between corresponding C µ and C δ exons in N. furzeri IGH1 vs IGH2 subloci (left) or between corresponding C ζ exons in X. maculatus IGHZ1 vs IGHZ2 constant regions (right). Transmembrane IGHM (medaka) Figure 3 : RNA-sequencing data reveals distinct transmembrane isoforms of IGHM in X. maculatus and N. furzeri. a, Schematic of IGHM splice isoforms in different vertebrate taxa 9 . b-c, Read coverage histograms and Sashimi plots of alignment and splicing behaviour of RNA-sequencing reads aligned to the IGHM constant regions of a, X. maculatus and b, N. furzeri, showing the alternative splicing of transmembrane (blue) and secreted (red) isoforms in both species and the difference in exon usage in IGHM-TM between species.
rise to a four-exon secreted isoform comprising C ζ 1 to C ζ 4 and a run-on secretory tail; while a tail sequence visualisation on a species tree ( Fig. 5a ) confirms that that medaka and N. furzeri represent two distinct IGHZ deletion events; A. limnaeus appears to represent another independent deletion event, for a total of at least three 161 IGHZ deletions within the clade containing the cyprinodontiforms and medaka. 162 In addition to being lost repeatedly, IGHZ also demonstrates a relatively high level of multiplicity within the 163 cyprinodontiforms, with a geometric mean of 1.93 IGHZ constant regions per IGHZ-bearing locus (a 1.62:1 ra-164 tio relative to IGHM or IGHD). This multiplicity suggests a more complex evolutionary history than can be cap-165 tured by a simple presence/absence metric. Concordantly, phylogenetic analysis with PRANK 35 and RAxML 36 166 ( Fig. 5b , alignment length 1733 bp, 35% gaps/missing characters) reveals three distinct monophyletic clades 167 (or subclasses) of IGHZ constant regions in the Cyprinidontiformes, IGHZA to C, each of which is present in 168 multiple different species and appears to have been present in the common ancestor of the eight IGHZ-bearing 169 species analysed. The only locus whose IGHZ could not be assigned to one of these subclasses, that of Pachy-170 panchax playfairii, appears to have undergone a fusion event, with P. playfairii C ζ 1 and C ζ 2 aligning strongly 171 to IGHZB exons from other species while P. playfairii C ζ 3 and C ζ 4 show more ambiguous alignment behaviour 172 favouring IGHZA or IGHZC (Fig. 6 ).
173
In summary, in addition to the still-universal primitive antibody classes IGHM and IGHD, the cyprinodon-174 tiforms ancestrally possessed at least three subclasses of IGHZ, which subsequently evolved in parallel across 175 the clade. Each of these subclasses has been lost in multiple cyprinodontiform species, with different species 176 showing distinct patterns of retention and loss, and in at least one lineage -that of Pachypanchax playfairii 177 -two different IGHZ lineages appear to have fused to produce a chimeric isotype. All three subclasses are 178 missing from a subset of species in the Nothobranchiidae (including Nothobranchius furzeri), and also appear 179 to have been independently lost in Austrofundulus limnaeus, further demonstrating the remarkable volatility of 180 the IGH locus across evolutionary time.
181

Discussion
182
The immunoglobulin heavy chain locus is notable for its size and complexity, as well as for the central role it 183 plays in vertebrate adaptive immunity and survival. Previous research in teleost fishes has revealed a remarkable 184 degree of diversity in the length, organisation, and isotype composition of different IGH loci 9,18 , with important 185 but understudied implications for antibody diversity and immune functionality among teleost species.
186
In this study, we presented the first detailed characterisations of IGH loci from the Cyprinodontiformes, a 187 widespread order of teleost fishes that include many important model systems in evolutionary biology and ecol-188 ogy. Two such species, the turquoise killifish Nothobranchius furzeri and the southern platyfish Xiphophorus 189 maculatus, underwent complete assembly and characterisation of their IGH loci, while ten other cyprinodontif-190 orm species received partial characterisations focused on their constant regions. These additional species were 191 selected on the basis of their relatedness to N. furzeri and X. maculatus and their prevalence in the research liter-192 ature, and included a number of prominent ecological model organisms (including guppy 37 , mummichog 38 and 193 mangrove rivulus 39 ), yielding a dataset with significant relevance to researchers studying the role of infection 194 and immunity in teleost ecology.
195
The IGH loci of X. maculatus and N. furzeri exhibited radically different locus organisations, with dra-196 matic differences in VDJ number, locus organisation and isotype availability. These results are consistent with 197 previous findings of highly-diverse teleost loci and support a process of rapid locus evolution in the cyprinodon- 
201
Isotypes
IGHZ
IGHM IGHD Figure 4 : Constant-region organisation in the Atherinomorpha. Schematic of newly-characterised IGH constant regions in the genomes of thirteen species from the Atherinomorpha (Cyprinodontiformes + medaka). Scaffold orientation is given by the black arrows; constant regions are oriented left-to-right unless otherwise specified (red arrows). Scaffold names are displayed beneath each scaffold on the right-hand side. Links between regions on different scaffolds indicate that exons from what appears to be the same constant region are distributed across multiple scaffolds in the order indicated; the order of unlinked scaffolds is arbitrary. The isotype of each region is given by its colour; IGHZ regions are further annotated with their subclass (Fig. 5b ). Clearly pseudogenised constant regions are indicated by Ψ. Isotype length, scaffold length, and scaffold position are not to scale. Variable regions and lone, isolated constant-region exons are not shown. The cladogram to the left indicates evolutionary relationships between species (Fig. 1 ). Figure 5 : IGHZ has undergone repeated duplication and loss in the Cyprinodontiformes. a, Cladogram of species from Fig. 1 , with three-spined stickleback (Gasterosteus aculeatus) as the outgroup, coloured according to known IGHZ status. Large coloured points indicate inferred state-change events. b, Phylogram of concatenated C ζ 1-4 nucleotide sequences from n IGHZ-bearing Cyprinodontiform species, with C µ 1-4 sequences from two species as outgroup (in orange). Nodes with less than 65 % bootstrap support are collapsed into polytomies, while major monophyletic subclasses are annotated on the right.
It is interesting to speculate on the origins of this extremely rapid diversification in gene structure. Very little 202 is known about the relationship between environmental context and immune locus structure; it is possible that 203 part of the variety in IGH gene locus structure in the Cyprinodontiformes represents divergent adaptations to 204 different immune environments. Alternatively, this diversification may be primarily the result of unusually high 205 rates of stochastic, non-adaptive changes in gene structure in germline IGH, or to relaxation of selective con-206 straints on locus structure. Finally, at least some of the difference between locus structures in different species 207 is likely to be attributable to differences in assembly quality; for example, the characterisation of medaka con-208 stant regions presented here contains many fewer unusual or incomplete constant regions than that presented in 209 the published medaka IGH locus 12 , primarily due to the increased quality of the more recent medaka genome 210 assemblies. Issues with assembly quality could also account for the apparent complexity of the Nothobranchius 211 orthonotus locus, as the genome of this species was assembled from a wild-caught individual with a high degree 212 of heterozygosity 40 .
213
The teleost-specific isotype IGHZ is widespread among teleost species, and appears to play a specialised 214 role in mucosal immunity 31, 32 . Before the publication of this work, only two teleost species (medaka and chan-215 nel catfish) were known or thought to lack the IGHZ antibody isotype in their IGH loci, suggesting that the loss 216 of IGHZ may be a relatively rare event. However, in addition to confirming the absence of IGHZ in medaka, 217 the work presented here has identified four new teleost species (Nothobranchius furzeri, Nothobranchius or-218 thonotus, Aphyosemion australe and Austrofundulus limnaeus) that appear to lack IGHZ constant regions in 219 their IGH loci, representing two distinct and previously unknown loss events independent from that affecting 220 the closely-related medaka. This finding, which triples the number of known teleost species without IGHZ and 221 doubles the number of known loss events, is even more striking when combined with the discovery that the 222 cyprinidontiform common ancestor likely had no fewer than three distinct IGHZ constant regions ( Fig. 5b ), all of which would have to be lost on the way to any IGHZ-free lineage. Taken together, these observations sug-224 gest that the presence/absence of IGHZ in the wider teleost clade may be much more volatile than suggested by 225 previously available locus data, and raises the possibility that, given sufficiently high-density analysis of other 226 teleost lineages, a surprisingly high frequency of IGHZ-lacking species may also be found elsewhere.
227
The absence of IGHZ from so many species in this analysis naturally raises the important question of how 228 the mucosal adaptive immune system in these species differs from that of their IGHZ-bearing relatives: how, 229 and to what extent, can the primitive isotype IGHM compensate for the loss of a specialised mucosal antibody Another important difference between N. furzeri and X. maculatus, whose evolution is more difficult to 239 investigate using genomic data, is the exon-usage behaviour of expressed IGHM. In X. maculatus, transmem-240 brane IGHM adopts the same configuration as that seen in most teleosts: a five-exon isoform in which the end 241 of C µ 3 is spliced to the start of TM1 and C µ 4 is excised. Conversely, in N. furzeri IGHM-TM adopts the same 242 four-exon configuration observed in medaka, in which C µ 3 is also excluded. Given that X. maculatus adopts 243 the primitive configuration, the recurrence of the same unusual configuration in both medaka and turquoise 244 killifish is surprising, and indicates that both configurations are present in the Cyprinodontiformes; more infor-245 mation about the evolutionary history of this divergence in splicing behaviour, along with data on the functional 246 consequences of including or excluding C µ 3 from the transmembrane protein structure of IGHM, could yield 247 important new insights into antibody evolution and functionality in teleost fishes.
248
One of the most important advances in immunology in recent years has been the explosion of quantitative, as well as for comparing the functional roles of different IGHZ subclasses across species.
260
In combination with the genomic and functional findings discussed above, such large-scale comparative 261 repertoire studies provide a novel opportunity for comparative evolutionary immunology in the Cyprinodontif-262 ormes, with the potential to greatly expand our knowledge of the interaction between ecological conditions and 263 the evolution of the adaptive immune system in teleost fishes. In order to guarantee the reliability of the assembled scaffolds, the assemblies produced with BayesHammer-283 and QuorUM-corrected reads were compared, and scaffolds were broken into segments whose contiguity was 284 agreed on between both assemblies. To integrate these fragments into a contiguous insert assembly, points of 285 agreement between BAC assemblies from the same genomic region (e.g. two scaffolds from one assembly 286 aligning concordantly to one scaffold from another) and between BAC assemblies and genome scaffolds, were 287 used to combine scaffolds where possible. Any still-unconnected scaffolds were assembled together through 288 pairwise end-to-end PCR using Kapa HiFi HotStart ReadyMix PCR Kit according to the manufacturer's in-289 structions, followed by Sanger sequencing 28 (Eurofins). PCR primers for end-to-end PCR were designed using 290 Primer3 49 .
291
Following BAC insert assembly, assembled inserts were screened for IGH locus segments in the same 292 manner described for genome scaffolds above. Passing BAC inserts were aligned to the candidate genome 293 scaffolds and chromosome sequence with BLASTN and integrated manually (Fig. S3 ), giving priority in the 294 event of a sequence conflict to (i) any sequence containing a gene segment missing from the other, and (ii) the genome scaffold sequence if neither sequence contained such a segment. BACs and scaffolds which could not 296 be integrated into the locus sequence in this way were discarded as orphons.
297
BAC isolation and sequencing.
298
All BAC clones that were sequenced for this research were provided by the FLI in Jena as plate or stab cultures 299 of transformed E. coli, which were replated and stored at 4 • C. Prior to isolation, the clones of interest were 300 cultured overnight in at least 100 ml LB medium. The resulting liquid cultures were transferred to 50 ml conical 301 tubes and centrifuged (10-25 min, 4 • C, 3500g) to pellet the cells. The supernatant was carefully discarded and 302 the cells were resuspended in 18 ml QIAGEN buffer P1.
303
After resuspension, the cultures underwent alkaline lysis to release the BAC DNA and precipitate genomic 304 DNA and cellular debris. 18 ml QIAGEN buffer P2 was added to each tube, which was then mixed gently but 305 thoroughly by inversion and incubated at room temperature for 5 min. 18 ml ice-chilled QIAGEN neutralisation 306 buffer P3 was added to precipitate genomic DNA and cellular debris, and each tube was mixed gently but Splice Coverage 
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2 kb Nothobranchius furzeri IGH1D Figure S1 : Read coverage and Sashimi plots showing alignment and splicing behaviour of RNA sequencing reads aligned to the IGHD constant regions of a, Xiphophorus maculatus and b, Nothobranchius furzeri, showing the chimeric splicing of C µ 1 to the start of the IGHD constant region in both species. Table S2 : Genome assemblies used to identify IGH locus sequences in cyprinodontiform fishes BioProject Accession PRJNA379208 PRJNA420092
SRA Run Accessions
Source 67 Citation not given in PioProject a Tissues used for X. maculatus RNA-sequencing included brain, heart, liver, gut, skin or whole fish; see BioProject entry for details. 
